Life history theory posits that natural selection leads to the evolution of mechanisms that tend to allocate resources to the competing demands of growth, reproduction, and survival such that fitness is locally maximized. (That is, among alternative allocation patterns exhibited in a population, those having the highest inclusive fitness will become more common over generational time.) Strategic modulation of reproductive effort is potentially adaptive because investment in a new conception may risk one's own survival, future reproductive opportunities, and/or current offspring survival. Several physiological and behavioral mechanisms modulate reproductive effort in human females. This review focuses on the hormonal changes that vary the probability of ovulation, conception, and/or continuing pregnancy and discusses evolutionary models that predict how and why these hormonal changes occur. Anthropological field studies have yielded important insights into the environmental correlates of variation in ovarian steroids, but much remains to be learned about the evolutionary determinants, proximate mechanisms, and demographic significance of variation in women's reproductive functioning.
INTRODUCTION " . . . [T]he maximization of individual reproduc-
tive success will seldom be achieved by unbridled fecundity." George C. Williams (1966a, p. 161) Williams's deceptively simple observation is a perceptive appraisal of the nature of evolutionary adaptation. Because concepts of adaptation are so closely linked to successful reproduction, it might appear contradictory to propose that reducing reproductive effort (RE), or even suppressing it entirely, could ever be adaptive. But an organism inevitably faces tradeoffs in the allocation of available resources (Gadgil & Bossert 1970) . Energy devoted to somatic maintenance may prolong life but is then unavailable for reproduction. On the other hand, a new investment in reproduction can place one's own survival and future reproductive opportunities at risk. Hence, in a given opportunity, modulating RE may be a woman's best strategy for maximizing lifetime reproductive success (Wasser & Barash 1983 , Ellison 1990 , Haig 1990 , Peacock 1990 , Vitzthum 1990 .
The application of evolutionary theory to explain women's reproductive functioning is a relatively recent development in the study of human biological variation. The approach caught on quickly and is now a central focus of human reproductive ecology. Although there is not a single perspective or evolutionary model shared by all reproductive ecologists (see the contributions in Campbell & Wood 1994 and Ellison 2001) , it is widely agreed that there are physiological mechanisms that modulate RE (Voland 1998 , Worthman 2003 . The most thoroughly studied mechanism thus far is the suppressive effect of infant suckling on the maternal hypothalamic-pituitary-ovarian (HPO) axis (Konner & Worthman 1980 , Vitzthum 1994 , Wood 1994 . Many questions regarding the optimal adjustment of RE throughout a woman's lifetime are yet to be as well understood as that of lactational suppression of ovulation, but current research efforts are promising.
The full breadth of thinking and relevant evidence regarding a woman's investment in reproduction is beyond the scope of a single paper. This review focuses on evolutionary models of women's reproductive functioning and the physiological mechanisms by which women modulate RE in a potential or recent conception, either by varying the probability of conceiving or by terminating an extant conception at its earliest stages. It is useful to consider these two mechanisms in tandem because both involve the loss of perhaps only one or two opportunities for reproduction and because there is some evidence that both involve varying ovarian steroid levels.
Modulating hormone levels is only one of several potential avenues for adjusting RE. A vast array of behavioral, cultural, and sociopolitical factors can influence human fertility. Demographers have organized these into a small tractable set of "proximate determinants" (e.g., proportion married, use of contraception, pregnancy loss) through which all other variables must operate (Davis & Blake 1956 , Bongaarts & Potter 1983 . Wood (1994) and his colleagues have developed a detailed specification of the biological proximate determinants of natural fertility (e.g., ovarian cycle length, duration of fertile period). Although this demographic approach is not informed by evolutionary theory, it is a valuable tool in modeling the relative importance of proximate and more distal sources of variation in human fertility. Among the advantages of Wood's (1994) model, it can be used to evaluate the impact of interpopulational differences in reproductive physiology on fertility.
This review begins with a brief description of the two principal frameworks that have informed an evolutionary study of women's reproductive functioning: human adaptability research and life history theory (LHT). Next, I outline the evolutionary models that have been developed to explain adaptive variability in women's reproductive functioning. These models attempt to link theoretical descriptions of modulating RE to the physiological mechanisms by which RE is allocated in a living organism. The subsequent section reviews the evidence on variation in ovarian steroids relevant to testing the hypotheses generated by these models. I close with a brief mention of several research questions deserving greater attention in the continuing effort to understand the evolution of women's reproductive functioning.
CONCEPTS OF EVOLUTION AND ADAPTATION IN BIOLOGICAL ANTHROPOLOGY
Biological anthropology's chief concern is with understanding the processes that generate variation in biological form and functioning in humans and other primates. Since the midtwentieth century (Washburn 1951) , the principal framework for much of the research in this field has been the synthetic theory of evolution, which emerged from the integration, initiated in the mid-1930s, of Darwin's theory of natural selection and Mendel's theory of genetic inheritance.
According to this "modern synthesis" (Huxley 1942), evolution is an intergenerational change in the genetic structure (allele frequencies) of a population of breeding individuals as a result of natural selection, genetic drift, gene flow, and mutation. Heritable phenotypes are the outcome of interactions between genotypes and environments. Hence, phenotypic change in a species over time is often presumed to reflect genetic variation and to be the outcome of one or more evolutionary processes. Natural selection of heritable traits is considered to be the principal, and perhaps only, process that can lead to adaptations (Williams 1966a) .
This succinct description belies the tumultuous debates among evolutionary biologists regarding, among other issues, the concept of adaptation. One approach (Williams 1966a , Gould & Lewontin 1979 ) restricts adaptations to those features that have evolved through selection on heritable phenotypes for a specific function as the result of an associated increase in fitness (Gould & Vrba 1982) . These are recognizable as well-engineered solutions for specific challenges to survival and reproduction (i.e., Inclusive fitness: an individual's number of offspring surviving to reproductive maturity plus those of its kin discounted by the degree of relationship the "argument from design") (Williams 1966a , Lauder 1996 . However, there appear to be very few cases for which the necessary data to assess a trait by these criteria are of sufficient quality, or even available (Leroi et al. 1994 ). More importantly, an organism's morphology and physiology operate as an integrated unit in which any one component may serve multiple purposes. Because natural selection is more like a tinkerer than an engineer ( Jacob 1977), many morphological, physiological, and behavioral features of an organism are not readily perceivable as having been shaped by selection to meet a specific challenge.
Another approach considers a phenotypic variant to be adaptive if its current possessor has a higher inclusive fitness compared with some other variant in the same population (Clutton-Brock & Harvey 1979 , Fisher 1985 , Caro & Borgerhoff Mulder 1987 . Defining adaptation by its effects (on fitness) rather than its causes (selection among heritable variants) avoids faulty perceptions of design and the misleading notion of "goal" implicit in an argument from design, dispels speculations about unknown genetic influences and past selection pressures, and specifies a clear criterion for testing hypotheses. However, this approach to identifying an adaptation usually begs the question of whether the phenotype under study is heritable, and hence subject to natural selection, and ignores rather than solves the difficulties encountered in evaluating the evolutionary origins and maintenance of a character.
Befitting their focus on understanding variation in a widespread, phenotypically diverse, long-lived, flexible, culture-bearing species, many human biologists have adopted an ecologically oriented concept of adaptation that emphasizes an individual's ability to "surmount the challenges to life" (Lasker 1969 , Mazess 1975 , Thomas et al. 1989 ). This biocultural approach explicitly acknowledges that human behavior and its cultural, social, institutional, technological, and symbolic manifestations can have consequences for human biological variation potentially as significant as the effects of the physical environment (Lasker 1969 , Mazess 1975 , Wiley 1992 . Any biological or behavioral response that affords a beneficial adjustment to physical or social conditions is considered adaptive, even if it is not the direct consequence of natural selection on a heritable phenotype. Thus, physiological acclimatization, learning, and other mechanisms of adjustment join genetic change as one of several processes that can result in adaptations. Adaptations can be identified by measuring fitness or its presumed proxies (health, energy efficiency, longevity) (Thomas et al. 1989 , Wiley 1992 .
This conceptualization of adaptive responses informed the Human Adaptability Project, a series of investigations on human adaptation to different environments (Lasker 1969) . Among their many contributions, these studies produced a large body of empirical evidence refuting the assumption that all humans respond in a similar manner to comparable stimuli ("biological uniformitarianism," Leslie & Little 2003) and documented the influence of developmental conditions on adult form and functioning. Human stature, for example, has been especially well studied (Lasker 1969 , Bogin 1999 ) and is widely used as a barometer of environmental quality and population health (Komlos 1994 , WHO 1995 .
An ecological perspective on adaptation is an elaboration of the synthetic theory of evolution, predicated on the assumption that selection has favored the phenotypes associated with beneficial responses to environmental challenges. However, natural selection need not enhance individual well-being or congruity with the environment. Consider the relationships among agriculture, malaria, and an increase in the allele for sickle cell hemoglobin (lethal when homozygous, barring biomedical intervention) because of heterozygote advantage (Livingstone 1958) . The outcome of heterozygote advantage is maximization of mean (not individual) fitness because the pool of heterozygous parents unavoidably produces homozygous offspring of lower fitness [referred to as genetic load (Rose & Lauder 1996) ]. Although the sickle-cell adaptation is wasteful (lost offspring), the inefficiency is an inevitable outcome of the interaction between this particular genetic variant and a specific environment. Such a genetic adaptation to malaria is not the manifestation of any engineered design.
The assumption that selection yields an optimal solution to some challenge can promote the mistaken expectation that a genuinely adaptive response is efficient and not detrimental to the individual. But selection favors those phenotypes with the highest reproductive success in a specific population, even if this greater fitness comes at substantial cost to individuals. For this and other reasons, there is merit in distinguishing adaptations (based on inclusive fitness) from individual adaptability (responsiveness to challenge). Yet while there is no necessary relationship between reproductive fitness and measures of individual well-being or efficiency (Voland 1998), neither is there any reason to assume that such a relationship is rare (Wiley 1992) . Rather, life history theory (discussed below) provides a framework for elucidiating the fitness benefits and costs of allocating resources to self-maintenance over the course of a lifetime. With regard to individual well-being, studies of adaptation and adaptability can yield valuable insights into the patterns of morbidity, growth, fertility, and mortality in human populations across different environments (see Wiley 1992; Chisholm 1993; Geronimus et al. 1999; and Walker et al. 2006, 2008 for examples) .
Bioanthropologists generally agree that evolution involves an intergenerational change in allele frequency (and/or gene expression), but there is a growing effort to enrich (or replace) this gene-centric model with a framework that includes developmental (ontogenetic) processes and dynamic interactions between organisms and environments (Pigliucci & Kaplan 2000 , Jablonka & Lamb 2006 . Over time, evolution by natural selection will maximize multigenerational inclusive fitness in a specific population and environment. The interplay of this mechanism with other processes that may lead to adaptations is not yet clear. Bioanthropologists hold several positions on how to define adaptation, how to demonstrate that adaptation is occurring (or has occurred), and which processes other than natural selection could lead to adaptation (Lasker 1969 , Wiley 1992 , Worthman 2003 , Bogin et al. 2007 . As each of these viewpoints has its merits, the preferred approach in a given study can be dictated as much by the specific question and available data as by the superiority of any particular criterion for recognizing adaptation.
LIFE HISTORY THEORY
LHT is an analytical framework comprising models and observations concerned with the allocation of finite resources within a finite lifetime to the competing demands of growth, maintenance, and reproduction (Gadgil & Bossert 1970 , Borgerhoff Mulder 1992 , Charnov 1993 , Stearns 1992 , Hill & Kaplan 1999 . LHT may be thought of as evolutionary economics. Life history strategies (LHSs), suites of reproductive and developmental traits (e.g., age and size at initiating reproduction; the number, quality, and timing of offspring; age at death), are investment schedules subject to natural selection. These traits are often flexible in their expression, depending on the specific environmental conditions encountered by the individual. The theoretically optimal LHS for an organism in a given environment is that which maximizes its multigenerational inclusive fitness.
LHT began to inform anthropological research in the 1970s. Human behavioral ecology, developed as an alternative to the thendominant ecosystem and energy-flow schools in ecological anthropology (Winterhalder 2002) , adapted both LHT and optimal foraging models to explain human behavioral variation. The use of LHT to explain human biological variation is more recent.
There are at least 45 recognized trade-offs among life history traits (e.g., quantity vs. quality of offsping, current vs. future reproduction) (Stearns 1992 offspring the organism can expect will survive to reproductive maturity) for those of a given age and sex in that population. Williams (1966b) partitioned RV into that which is immediately at stake (current reproduction, CR) and residual reproductive value (RV = CR + RRV ). He defined a as the proportional gain to CR and c as the proportional cost to RRV when a positive allocation decision is made by the organism (e.g., ovulate, defend). Given a negative allocation decision (e.g., do not forage, do not mate), he defined b as the proportional decrement to CR. Hence, RV given positive decision:
and RV given negative decision:
If RV p (the increased CR from investing plus the reduced future RRV due to the current investment) exceeds RV n (the reduced CR by not investing plus the future RRV ), then selection will favor the positive allocation decision and it will become the normative decision. Alternatively, the negative allocation decision would become normative if RV n > RV p . Over time, selection has favored those physiological and behavioral mechanisms by which the most successful LHSs are implemented, and these mechanisms respond accordingly given the available resources throughout an organism's lifetime.
Depending on the species, resources comprise the energy and other nutrients available to support a growing conceptus and live offspring; the availability of a suitable habitat, mate, and social group; and the physical and psychological status of the mother. Information is another "good in limited supply" because knowledge facilitates access to material and social resources (Worthman 2003) . All these resources contribute to the relative values of RV p and RV n at any given reproductive opportunity. Hence, selection will favor RE whenever RV p > RV n , even if some single resource (e.g., food availability) does not appear to be Fertility: the production of a live offspring particularly propitious. Likewise, selection will favor delaying or avoiding RE whenever RV n > RV p , even if some relevant resources are favorable (Williams 1966b) .
Time until the termination of reproductive capacity (either death or menopause) is a particularly critical resource contributing to the relative values of RV p and RV n . Rapid maturation is advantageous because it yields more generations per unit time, but it is also costly because it precludes growth to a larger size with its own advantages (e.g., predator reduction). However, in environments with high mortality risk, an organism cannot afford to take the time to grow (see Walker et al. 2006 and Migliano et al. 2007 for evidence of this relationship between mortality risk and human growth). Analytically, the impact of time on the trade-offs among life history traits is represented by the EulerLotka equation, which is parameterized by agespecific fertility and mortality schedules, and allows RV to be expressed as a function of these demographic variables (Stearns 1992) . Conceptually, one should appreciate that the optimal LHS for an organism is a consequence of numerous competing costs and benefits, which vary with locally specific risks of mortality.
EVOLUTIONARY MODELS OF WOMEN'S REPRODUCTIVE FUNCTIONING
LHT predicts that, given parental resources, selection favors that combination of offspring number and size that maximizes the number of offspring reaching reproductive maturity (Lack 1954) . This quantity-quality trade-off has been observed in numerous species (Stearns 1992) and across mammals (Charnov & Ernest 2006 ) but has only rarely been documented in humans (e.g., Strassmann & Gillepsie 2002) . A recent analysis of 17 natural-fertility populations supports a quantity-quality trade-off in nonindustrial societies (Walker et al. 2008) . Across populations, offspring size at age five years (a measure of parental investment) varied inversely with the energy-corrected fertility rate (i.e., those with smaller offspring had more offspring).
In mammals, lactation is a principal pathway by which ovarian functioning, and hence RE in another conception, is suppressed (Vitzthum 1994). Shorter breastfeeding duration may yield a smaller-sized infant at weaning but permits a new conception sooner. The upper limit on this fertility-size trade-off depends on the increasing risk of infant mortality with progressively younger weaning age.
In addition to lactational suppression, physiological mechanisms that modulate RE in human females include (but are not limited to) varying the age at reproductive maturation; hormonal changes in the HPO axis that vary the probability of ovulation, conception, and/or implantation; and early pregnancy termination (Frisch & Revelle 1970 , Wasser & Barash 1983 , Ellison 1990 , Haig 1990 , Peacock 1990 , Vitzthum 1990 , Chisholm 1993 . Anthropologists have repeatedly emphasized the role of developmental conditions in shaping adult morphology and physiology, including reproductive functioning (Purifoy 1981 , Ellison 1990 , Vitzthum 1990 , Chisholm 1993 .
Wasser & Barash (1983) explored the potential advantages of adjusting RE in female mammals under a broad array of circumstances including variation in resource availability. Their formulation (the reproductive suppression model) is a special case of Williams's (1966b) model. They proposed that age (an indicator of time remaining until the end of reproduction) and its associated physical changes are perhaps the most reliable predictors of RV, whereas nutritional status, disease, and psychosocial stress are less reliable cues. They examined the evidence for social suppression resulting from "one's interactions with, and the reproductions of, other individuals." During periods of strong social competition, they argued, it could be beneficial to delay conception (or terminate a recent conception) until conditions have become less competitive. In addition, a female might also increase her own reproductive success by manipulating reproduction in the other members of her social group.
Drawing on LHT and studies of human adaptability, Vitzthum (1990 Vitzthum ( , 1997 Vitzthum ( , 2001 developed the flexible response model (FRM) to explain an apparent paradox: Why are the ovarian cycles of healthy U.S. women easily disrupted by dieting and exercise, whereas women in nonindustrialized countries have high fertility despite arduous physical labor and poor nutrition? The resolution of this paradox lies in an organism's ability to integrate the information garnered from the prevailing conditions during maturation, which are likely to approximate future conditions, into resource evaluation during adulthood. RE is delayed in U.S. women experiencing temporarily poor conditions because the environment is expected to improve shortly. Where suboptimal conditions are normative, an improvement is unlikely; hence, delaying RE is not advantageous. Reducing RE is potentially advantageous when conditions are worse than those prevailing during development; increasing RE is potentially advantageous when conditions are better than those prevailing during development.
The FRM predicts that selection favors a flexible reproductive system reflective of and responsive to local conditions. Fecundity is hypothesized to be a function of both current conditions (including one's own status) and longterm average conditions (viewed as an estimate of likely future conditions). Hence, the decision to reproduce depends on (a) the probability of successful reproduction in the present conditions, (b) the probability of conditions changing (for better or worse) within a finite period, (c) the risk to future reproductive opportunities, and (d ) the expected duration until the end of the reproductive life span.
The FRM also predicts that a woman able to acclimate to persistently suboptimal conditions (i.e., able to resume reproductive functioning) will have a selective advantage over one who does not, as long as the probability of a successful birth in these poorer conditions is >0. This prediction is consistent with numerous studies of the adaptability of human physiology in the face of conditions that initially perturb normal functioning (e.g., physiological acclimatization to high altitude in sea-level sojourners (Beall et al. 2002) and is supported by experimental studies in other mammals (Barker-Gibb & Clarke 1996) . The argument can also be understood in terms of RV. As time progresses, the inequality between RV p and RV n changes, even if environmental conditions do not improve, because there is less time during which to reproduce before one dies. Selection favors physiological mechanisms that adjust RE in accordance with time-related changes in RV.
In an independent examination of widespread pregnancy wastage in humans and other animals, Peacock (1990 Peacock ( , 1991 likewise proposed that selection favors mechanisms that permit reproduction under persistently suboptimal conditions.
Another explicitly adaptationist approach to women's reproductive functioning argues that energetics (energy intake, expenditure, flux, and balance) are of paramount importance in generating adaptive variation in ovarian functioning (Ellison 1990 (Ellison , 1994 (Ellison , 2003 Ellison et al. 1993 Ellison et al. , 2007 Jasienska 2001; Lipson 2001) . The hypothesis that selection favors efficient energy utilization has a long history (Lotka 1922a,b) . But the role of energy in human reproduction did not receive much attention until Frisch proposed that a critical body-fat threshold must be exceeded to initiate and maintain ovarian cycling (Frisch & Revelle 1970 , Frisch & McArthur 1974 . Although her specific threshold hypothesis has been refuted (Bongaarts 1980 , Scott & Johnston 1982 , there is substantial evidence for Frisch's fundamental premise that energy intake and expenditure influence the functioning of the human HPO axis.
In particular, extensive research on the precise causes of exercise-associated amenorrhea (the loss of menstrual cycling in some exercising women) has yielded valuable insights into the effects of energetic stressors. The dosedependent relationship between increasing exercise and decreasing integrity of the menstrual cycle led Prior (1985 Prior ( , 1987 to propose that such changes in ovarian functioning should not be seen as disease processes but rather as a progressive series of adaptive responses to www.annualreviews.org • Evolutionary Reproductive Biologyescalating energetic stress, a view also advanced by Ellison (1990) . Studies in monkeys (reviewed in Cameron 1996) and women in nonindustrialized populations (e.g., Ellison et al. 1989) have also reported a dose-dependency, similar to that of exercising women, between increasing energetic imbalance and reductions in ovarian steroid levels. Ellison (1990 Ellison ( , 1994 proposed a developmental energetics model, elaborated by his colleagues ( Jasienska 2001 , Lipson 2001 , to explain interpopulational variation in ovarian steroid levels and other aspects of ovarian functioning. This model predicts that women born in energetically demanding conditions will grow more slowly, mature later, have a greater sensitivity to energetic stress, have lower fecundity (evidenced by lower ovarian steroid levels), and have fewer offspring during their lives than would be the case if they had developed in resource-rich conditions. This pattern of growth and reproduction is seen as adaptive because it avoids investment in a pregnancy with a poor probability of success, thereby conserving energy and increasing the probability of maternal survival. Energetics models posit that selection favors reproducing only if a woman's nutritional status is substantially adequate and/or there is some indication of "the potential for sustaining an ongoing investment" (Ellison 2003, p. 345) ; fecundity is hypothesized to be a function of trends in energetic status and/or current energetic status.
The curtailment of RE is not only a matter of the adequacy of maternal resources and environmental conditions. Offspring must be of sufficient quality to merit maternal investment (Temme 1986 , Kozlowski & Stearns 1989 , Haig 1990 . The quick termination of RE in a defective conceptus increases the RE available for other offspring (existing or future) of higher quality. Genetic defects that preclude normal development can be expected to terminate on their own accord, but selection will also favor any maternal mechanism, presumably hormonal, that detects and eliminates poor-quality offspring as early as possible. Haig (1993) proposed that a principal cue by which human mothers evaluate an offspring's quality is its ability to produce hCG. Production of hCG indicates the embryo's capacity to carry out protein synthesis [a minimal requirement of viability (Haig 1993) ] and promotes maternal production of progesterone, without which the pregnancy would terminate.
An evolutionary perspective on RE challenges the view that, having been designed by natural selection for reproduction, any deviations of the HPO axis from this function must be pathologies or failures of adaptation. Rather, just as lactational suppression of ovulation is potentially adaptive, so might other instances of reducing RE be adaptive. The argument that modulating RE can be considered adaptive only if an initially negative effect on fertility is "countered by an even larger positive effect at some later time" (Wood 1994, p. 528) misconstrues evolutionary processes. Natural selection maximizes lifetime (and over time, multigenerational) reproductive success (having offspring that live to reproduce), not fecundity or fertility. A given instance of suppressing RE is rightly considered adaptive if the inclusive fitness of the individual is greater than it would be if RE had occurred in that instance. Furthermore, the optimal LHS is specific to a local environment. Nothing can be inferred about the relative adaptiveness of two populations if the optimal number of offspring in one locality happens to be less than the number in a population in a different locality.
A women's reproductive system is not an autonomous machine, unflagging in its production if given sufficient fuel. Nor is it limping along if resources are less than optimal. Rather, an evolutionary perspective of women's reproductive functioning sees the HPO axis as an integral component of a whole organism in which adjustments in RE and other functions are responsive to local resources and mortality schedules. For example, if energy availability is low, the number of offspring can be maintained by reducing the size of each or by decreasing maternal body size (which increases the proportion of acquired energy available for RE), or by making other investment trade-offs (Stearns 1992) . Because selection inexorably favors the LHS that has the highest inclusive fitness in the local context, the locally optimal LHS likely comprises a combination of several such tradeoffs. LHT does not yet have the tools to predict which combination has been favored by selection in a specific population (Stearns 1992 (1930, pp. 43-44) Efforts to understand the mechanisms by which LHSs are implemented have coalesced into the emerging field of evolutionary endocrinology. The endocrine system plays a central role in orchestrating an organism's response to external signals and stimuli (Finch & Rose 1995; Worthman 1995 Worthman , 2003 Wade et al. 1996; Dufty et al. 2002; Nepomnaschy et al. 2006a ). Hormonal changes can, for example, trigger or suppress gene transcription and modify metabolic rates.
Modulating RE logically involves neurohormonal changes in the HPO axis including (but not limited to) varying the fraction of ovulatory cycles and the levels of estradiol and progesterone. Because many experimental protocols are precluded in humans, testing this and related hypotheses usually requires hormonal data from a reasonably large sample of free-living women. The development of field-friendly collection protocols and assays that measure hormones and their metabolites in saliva, urine, and blood spots have removed many, but not all, of the technological barriers to such studies (Ellison 1988 , Worthman & Stallings 1997 , O'Connor et al. 2006 . Saliva is a particularly useful medium when frequent measurements are needed, as during a menstrual cycle. Comparisons of salivary steroid levels presume that the ratio of salivary to serum levels is roughly comparable across individuals Fecundability: the monthly probability of conception and populations. [This assumption was questioned by Chatterton and colleagues (2006) , but their statistical approach was seriously flawed (Thornburg et al. 2008 ).]
Methodological Challenges in the Study of Ovarian Steroid Variation
Efforts to determine the extent, causes, and demographic significance of interpopulational variation in levels of reproductive hormones have been hampered by several significant methodological issues including selection bias and inadequate control of confounders. These sources of error should be considered when evaluating the literature and must be addressed when designing new studies and conducting analyses.
The ecological (or epidemiological) fallacy refers to the (often unsupportable) assumption that factors that covary among populations are causally linked in individuals and arises from the extraordinary difficulty of controlling for all potential confounders that differ among populations (Robinson 1950) . For example, among U.S. states, Florida has one of the highest cancer rates, not because being a Floridian causes cancer but rather because so many retirees move to Florida (McCoy et al. 1992) .
Selection bias is the unintended preferential sampling of only a segment of the variation in a population. For example, if many sexually active women in a population are not using contraception, those with the highest fecundity are more likely to be either pregnant or lactating and not included in a study of ovarian cycle steroids. Unavoidably, a cross-sectional sample would disproportionately represent women with the lowest fecundity. There is clear evidence of such within-population variation in fecundity. The probability of conceiving was higher in lactating than nonlactating menstruating married Bolivian women (Vitzthum et al. 2000b) , and recent data from Europe indicate a fourfold difference in fecundability among noncontracepting women of the same age (Dunson et al. 2002) . If comparable variation is typical across populations, then this selection bias will www.annualreviews.org • Evolutionary Reproductive Biologybe more severe in cross-sectional samples from nonindustrialized natural fertility populations, where anthropologists have focused their research efforts, than in industrialized societies.
Comparisons of normal ovarian steroid levels must control for confounders (e.g., age, season of collection) (Vitzthum et al. 2000a , Vitzthum 2007 . Progesterone levels, for example, are lower at younger and older ages (Ellison 1994) . Therefore, samples having different age distributions (even if their mean ages are identical) could erroneously appear to differ in progesterone levels. Because progesterone levels first rise with age and then later fall, modeling the age variation in progesterone as linear over the full reproductive life span does not correct for this bias (Thornburg 2007) . Instead, a quadratic or other non-linear functional form must be used.
Comparisons should also be restricted to samples of ovulatory cycles (Vitzthum et al. 2002 (Vitzthum et al. , 2004 Vitzthum & Thornburg 2008) . The inclusion of anovulatory cycles inappropriately lowers the estimates of mean hormone levels and obscures the sources of steroid variation. Because populational samples often differ in the rate of anovulation, this bias can easily corrupt cross-populational comparisons of mean hormone levels. Several methods have been developed by which to infer ovulation; each has its advantages and drawbacks (Kassam et al. 1996 , Vitzthum et al. 2004 , O'Connor et al. 2006 . Caution is required when comparing ovulation rates across samples that used different methods or sampling regimes. For example, one commonly used algorithm assumes ovulation has occurred when at least one observed luteal progesterone value is >2 standard deviations above the daily mean of follicular progesterone. However, even without a systematic rise in progesterone due to ovulation, this chance probability is 0.08 ( = 1-0.975 3.5 ) in sampling every 4 days, 0.16 ( = 1-0.975 7 ) in every-other-day sampling, and 0.30 in daily sampling. Hence, in the hypothetical case where all cycles are anovulatory, women sampled every day would appear to have a rate of ovulation two to four times higher than do other women sampled less frequently simply because of differences in the sampling regimes (Vitzthum et al. 2002 (Vitzthum et al. , 2004 .
Interpopulational Variation in Ovarian Steroid Levels
Statistically significant differences exist in ovarian steroid levels between populations and among ethnic subpopulations, but much of this variation remains unexplained.
Early studies reported estrogen levels in Asians to be ∼55%-90% of those observed in "white" women in the United States and the United Kingdom (MacMahon et al. 1974 , Purifoy 1981 , Trichopoulos et al. 1984 , Key et al. 1990 , Wang et al. 1991 . The range among studies in relative estrogen concentrations of Asians to whites is attributable to different methodologies and several confounders. In a study with greater control of covariates (age, weight, height, pregnancy history, and day of the menstrual cycle), luteal-phase estradiol levels were ∼20% higher in Los Angeles whites compared with women in Shanghai, but progesterone levels were not significantly different (Bernstein et al. 1990 ).
van der Walt and colleagues (1978) reported low ovarian steroids in !Kung San and suggested that these may be a mechanism to restrict conception to seasons of better nutrition. Compared with Bostonians, salivary progesterone levels were lower (and also varied seasonally) in agricultural populations in Zaire (Ellison et al. 1989 ), Nepal (Panter-Brick et al. 1993 , and Poland ( Jasienska & Ellison 1998). The age composition, season of collection, and inclusion of anovulatory cycles differed in these samples, hence comparisons that did not adjust for these confounders may not be valid. Restricting the samples to data collected during the least energetically stressful season from women aged 25-35 years, researchers found that rural Bolivians at high altitude had progesterone levels statistically comparable to or higher than these three agricultural populations from lower altitudes (Vitzthum et al. 2000a ). In another study controlling for known confounders (e.g., age, lactation, season), salivary progesterone levels in the ovulatory cycles of Bolivian women were ∼70% of those in Chicago women of comparable age (Vitzthum et al. 2002) , and serum estradiol levels were significantly lower than published values for U.S. women (Vitzthum et al. 2007 ).
Three studies reported ethnic differences in steroid levels, but the findings are inconsistent despite each study's effort to control for several known confounders. Among northern Californians (Windham et al. 2002) , Asians had lower and Hispanics had higher estrogen levels compared with whites, but progesterone metabolites did not vary with ethnicity. In Los Angeles (Haiman et al. 2002) , both African Americans and Latinas had higher luteal estradiol and progesterone levels compared with non-Latina whites. Matched samples from the Nurses' Health Study II (Pinheiro et al. 2005) reported elevated estradiol levels in African Americans and Asian Americans compared with Caucasians but showed no ethnic differences in progesterone. Whether the reported hormonal variation among these ethnicities is rightly attributable to genetic variation, environmental factors, or some interaction of these remains unknown. Other than education level and current employment status in the study of northern Californians (Windham et al. 2002) , none of the studies included socioeconomic indicators.
Developmental Conditions and Adult Ovarian Steroid Variation
A better understanding of interpopulational variation requires considerably more study of the determinants of hormonal variation between individuals. For a given woman, ovarian steroid levels vary with age, health, lactation, psychosocial stress, energy intake, and activity level (Prior 1985 (Prior , 1987 Ellison & Lager 1986; Ellison 1994 Ellison , 2003 Vitzthum 1994; Bentley 1999; Nepomnaschy et al. 2004) . Once these factors are excluded, substantial unexplained differences between women still remained (Landgren et al. 1980 , Bernstein et al. 1990 , Haiman et al. 2002 , Windham et al. 2002 .
Reflecting the field's century-long interest in the consequences of early environments for adult biology (Boas 1911 , Lasker 1969 , bioanthropologists have proposed that more arduous conditions during development may underlie lower ovarian steroid levels in adulthood (Ellison 1990 , Vitzthum 1990 . Under the assumption that U.S. white women grew up in generally favorable environments, this hypothesis is consistent with lower progesterone levels in nonindustrialized populations compared with U.S. women (Ellison et al. 1989 , PanterBrick et al. 1993 , Jasienska & Ellison 1998 , Vitzthum et al. 2000a , lower estradiol levels and older age at menarche in Shanghai women than those in a Los Angeles white sample (Bernstein et al. 1990) , and lower progesterone and estradiol levels in poorer compared with better-off Bolivians (Vitzthum et al. 2002 (Vitzthum et al. , 2007 . On the other hand, the relatively lower steroid levels observed in whites compared with other ethnic groups in California (Haiman et al. 2002 , Windham et al. 2002 and the Nurses Health Study (Pinheiro et al. 2005) do not support this hypothesis. Such inconsistencies aside, because of the ecological fallacy, populationlevel associations should be viewed cautiously. Two studies of individual-level variation provide strong evidence of a link between developmental conditions and adult ovarian steroid levels (Vitzthum et al. 2002 , Windham et al. 2002 . Each study avoided the selection bias described above, restricted samples to ovulatory cycles, and used an established biological indicator of childhood conditions [either adult height, which is substantially determined by environmental factors (e.g., food, disease) during the first two years of postnatal life (WHO 1995 , Bogin 1999 , or age at menarche, which is typically later in resource-poor environments (Wood 1994)]. As predicted, in urban Bolivian women, mean luteal progesterone level was positively correlated with height (r = 0.35, P = 0.015). A somewhat stronger correlation (r = 0.40, P = 0.005) was also observed between an index of overall progesterone level and an index of overall body size (a principal component factor that loaded mainly
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NCEPS: North Carolina Early Pregnancy Study
Project REPA: Project on Reproduction and Ecology in Provincía Aroma on height). Likewise, in a sample of U.S. women, estrogen metabolites were significantly lower in those whose menarche was ≥14 years (Windham et al. 2002 ). Yet even in these two studies, only a modest proportion of the variance is explained by developmental conditions as captured by the proxy variables. A third individual-level study suggests that prenatal energetic conditions do not influence the unstressed levels of adult ovarian steroids. Among Polish women engaged in only low physical activity, mean estradiol levels did not vary with ponderal index [(body weight in kg)/ (body length in m) 3 ] at birth ( Jasienska et al. 2006 ).
Fecundity, Pregnancy Loss, and Ovarian Steroid Variation
Considerable evidence supports the hypothesis that fecundity covaries with temporal (withinwoman) variation in ovarian steroids (Ellison 1990 (Ellison , 1994 (Ellison , 2003 Wood 1994) . In contrast, findings regarding the demographic significance of between-woman (within population) hormonal variation are inconsistent. Some studies have reported higher estrogen levels in conception vs. nonconception cycles (Stewart et al. 1993 , Lipson & Ellison 1996 , Venners et al. 2006 ), but in the North Carolina Early Pregnancy Study (NCEPS) urinary estrogen levels did not differ once other hormonal confounders were controlled (Baird et al. 1999) . Li and colleagues (2001) reported higher serum estradiol on the day that follicular stimulating hormone peaked but demonstrated comparable total urinary estradiol metabolite levels in conception vs. nonconception cycles. Two studies observed higher luteal-phase progesterone levels in conception cycles (Stewart et al. 1993 , Baird et al. 1999 , but four studies did not (Lipson & Ellison 1996 , Li et al. 2001 , Vitzthum et˜al. 2004 , Venners et al. 2006 .
Extrapolating from the within-woman association between lower ovarian steroid levels and subfecundity, and the between-woman association between hormone levels and conception reported by some studies, proponents of energetic models have hypothesized that variation in steroid levels across populations is necessarily associated with variation in fecundity (Ellison et al. 1993 , Ellison 1994 , Lipson 2001 ). LHT does not make an explicit prediction about ovarian steroids and fecundity but does hypothesize that age-specific fertility schedules will vary with mortality schedules (Williams 1966a , Stearns 1992 . For example, if mortality risk is high, it can be selectively advantageous to begin reproduction early (Chisholm 1993 , Geronimus et al. 1999 , Migliano et al. 2007 ) and have many smaller offspring (Charnov & Ernest 2006) . Hence, the FRM (Vitzthum 1990 (Vitzthum , 1997 (Vitzthum , 2001 ) predicts that fecundity is not necessarily reduced in women living in suboptimal conditions but would depend on the four probabilities noted above (see section on Evolutionary Models of Women's Reproductive Functioning). The association between higher fertility and smaller offspring body size reported by Walker et al. (2008) implies that fecundity is not necessarily depressed (and may even be enhanced) in human populations where body size is small (as is often the case in suboptimal conditions).
A single study has tested the hypothesis that fecundity is necessarily lower in populations characterized by lower ovarian steroid levels (Vitzthum et al. 1998 (Vitzthum et al. , 2004 . Project REPA (Reproduction and Ecology in Provincía Aroma) recruited 316 rural Bolivian women without regard to lactational or menstrual status (to avoid selection bias) and followed each longitudinally. All women who menstruated during the study (n = 191; the remaining 125 women were pregnant and/or lactating and non-cycling throughout their participation in the study) contributed every-other-day saliva samples for up to 8 sequential cycles; late-luteal-phase urine samples were tested for hCG (human chorionic gonadotrophin), indicating implantation. Conceptions were followed until loss or birth. Salivary progesterone levels in the ovulatory cycles of these women averaged ∼70% of those in women from Chicago, and similarly lower progesterone levels also accompanied conception and implantation (Figure 1) .
These relatively low progesterone levels continued through pregnancy and were not associated with a higher probability of pregnancy loss (Vitzthum et al. 2006) . The fertility levels of the Bolivian participants also suggested that their relatively lower progesterone levels had little or no effect on fecundity. Between the ages of 20 and 30 years, these women averaged four live births. A woman breastfed each of her infants on demand for 1-2 years; postpartum amenorrhea lasted ∼1 year on average. Adding time for gestation, the live birth rate was neither so low as to be clear evidence of a reduction in fecundability nor so high as to rule out a small reduction (Vitzthum et al. 2004) . Analyses are currently underway to quantify fecundability more precisely in this Bolivian population.
Indirect evidence also suggests that interpopulational variation in ovarian steroids may not be associated with comparable variation in fertility. Bongaarts (1980) observed that only a very small percentage of the fertility differences among human populations could be attributed to nutritional status, except in the case of famine. If the relatively lower levels of ovarian steroids reported for a handful of samples from nonindustrialized populations are generally representative of developing countries, then Bongaarts's observation contradicts the hypothesis that ovarian steroid levels covary with fecundity across populations. A recent cross-populational comparison of progesterone levels also appears to contradict this hypothesis; although progesterone levels in residents of Sylhet, Bangladesh, were reported to be less than half those of U.K. women of European descent (Núñez-de la Mora et al. 2007) , the region has high fertility (Islam et al. 2004 ). However, because of selection bias and inadequate control for confounders (see section on Methodological Challenges in the Study of Ovarian Steroid Variation), progesterone levels in Sylhet may not be as low as reported (Thornburg 2007 , Vitzthum 2007 .
Although famine can reduce fecundity in adult women, decades-long follow-up on the effects of the Dutch famine during [1944] [1945] found no impact of in utero famine exposure on subsequent fertility in adulthood and no effect of childhood famine exposure on menarcheal age; childhood famine exposure had only a modest effect on the probability of conceiving a first or second child in adulthood (Elias et al. 2005 ). These observations differ from the documented effects of chronic undernutrition on menarcheal age (Bogin 1999) and are consistent with the argument (Vitzthum 1990 (Vitzthum , 2001 ) that acute and chronic energetic stressors differ in their effects on reproductive functioning.
Three prospective studies tested the hypothesis that early pregnancy loss (EPL) is associated with relatively lower levels of ovarian steroids (Baird et al. 1991 , Venners et al. 2006 , Vitzthum et al. 2006 . None of the studies found any significant differences in progesterone with respect to pregnancy loss. EPL detected in Project REPA had luteal-phase progesterone levels comparable to those in ovulatory cycles
AXIS CROSS-TALK MAY MODULATE REPRODUCTIVE EFFORT
Hormonal communication between the HPO and hypothalamicpituitary-adrenal (HPA) axes may mediate the probability of conception and/or pregnancy termination. The adrenal cortex is the main source of progesterone during most of the follicular phase ( Judd et al. 1992 , De Geyter et al. 2002 . In controlled experiments, adrenal progesterone rose in response to stress, triggering surges in lutenizing hormone that could impair follicular development (Puder et al. 2000) . In Mayan women, 90% of those conceptions characterized by elevated cortisol were lost, a termination risk that was 2.7 times greater than in those with normal cortisol levels (Nepomnaschy et al. 2006b ). In Bolivians, follicular-phase progesterone was significantly higher in early pregnancy losses than in either sustained conceptions or prior ovulatory cycles from the same women (Figure 2) . Hence, elevated follicularphase progesterone was specific to the pregnancy-loss conception cycle, as would be expected if the elevated progesterone was a signal of current maternal habitats (Vitzthum et al. 2006) . Emotional stress, physical activity, and food restriction can all stimulate the HPA; elevations in cortisol and/or adrenal progesterone may be acting as signals of suboptimal maternal habitats as part of a mechanism to modulate maternal RE. from the same women and comparable to those in sustained pregnancies (Figure 2) (Vitzthum et al. 2006) . The NCEPS reported no difference in estrogen metabolites with conception outcome (Baird et al. 1991) , but a more recent study with a much larger sample reported that EPL was more likely to be associated with very low levels of estrone conjugates than were continuing conceptions (Venners et al. 2006 ). Intriguingly, cross-talk between the neuroendocrine axes that regulate reproduction and responses to stressors appears to be an important mechanism for the strategic modulation of RE (see sidebar on "Axis Cross-Talk May Modulate Reproductive Effort").
CONCLUDING REMARKS
The foundation has been laid for developing a comprehensive evolutionary explanation of temporal, individual, and populational variation in women's reproductive functioning. LHT provides a powerful framework for the construction of testable hypotheses, and theorists are actively engaged in advancing these models to better fit the complexities of human life histories (e.g., Winterhalder & Leslie 2002 , Gage 2003 . Models of the proximate determinants of natural fertility (e.g., Wood 1994) help to delineate the specific biological and behavioral pathways by which varying environmental conditions influence human fertility. Not surprisingly, the full breadth of thinking and evidence relevant to human reproduction is far more than can be addressed here.
This review has focused on the physiological mechanisms by which women modulate RE in a potential or recent conception. Both theory and present evidence argue that the reproductive functioning of women born and living in arduous conditions is not analogous to that of athletes or dieters in wealthier populations. Nor is it much the same as the lower end of the range of HPO functioning in women accustomed to more propitious environments. Rather, for each individual, there is an ontogenetic interplay of genotype and environment such that the behavioral and physiological mechanisms that modulate RE are responding to locally specific physical, biotic, and social conditions. A better grasp of this nexus promises to advance understanding of the evolutionary determinants of women's reproductive functioning and, more broadly, to inform theoretical and analytical frameworks in anthropology, demography, physiology, and medicine.
SUMMARY POINTS
1. The modern synthesis, begun in the 1930s, defines evolution as an intergenerational change in allele frequencies and identifies natural selection as the principal, and perhaps only, process that can lead to adaptations. Biological anthropologists hold several positions on how to define adaptation, how to demonstrate that adaptation is occurring (or has occurred), and which processes other than natural selection could lead to adaptation.
2. Darwinian natural selection favors those phenotypes with the highest multigenerational inclusive fitness in a population, even at substantial cost to individuals. There is no necessary relationship between inclusive fitness and measures of individual well-being or efficiency.
3. Life history theory posits that natural selection leads to the evolution of mechanisms that tend to allocate resources to the competing demands of growth, reproduction, and survival such that fitness is locally maximized. (That is, among alternative allocation patterns exhibited in a population, those having the highest inclusive fitness will become more common over generational time.) Strategic modulation of reproductive effort (RE) is potentially adaptive because investment in a new conception may risk one's own survival, future reproductive opportunities, and/or current offspring survival.
4. Evolutionary models of women's reproductive functioning link theoretical descriptions of modulating RE to variability in the physiological mechanisms by which RE is allocated in a living organism. These mechanisms include (but are not limited to) adjusting the age at reproductive maturation; lactational suppression of the HPO axis; hormonal changes that reduce the probability of ovulation, conception, and/or implantation; and early pregnancy termination.
5. Substantial evidence supports the hypothesis that temporal (within-woman) modulation of RE is a response to energetic and other stressors, but much of the hormonal variation between women remains unexplained. The response to a given stressor also varies markedly among women, for unknown reasons. Developmental conditions may be a significant factor in determining adult ovarian steroid levels and responsiveness to stressors.
6. The extent, causes, and demographic significance of interpopulational variation in reproductive hormone levels are uncertain. Populational comparisons have often been hampered by the ecological fallacy, selection bias, failure to identify anovulatory cycles, and inadequate control for confounding variables (e.g., participant age and season of collection).
7. Evidence from Project REPA, a longitudinal study of salivary progesterone levels at conception and during pregnancy in rural Bolivian women, supports the hypothesis that there is no necessary relationship between fecundity and mean ovarian steroid levels across populations.
8. Three studies reported that the risk of early pregnancy loss (EPL) in naturally occurring conceptions did not covary with progesterone levels. One study found that EPLs were more likely to be associated with very low levels of estrone conjugates than were continuing conceptions.
FUTURE ISSUES
1. The determinants of interwoman variation in reproductive hormones are far from certain. The observed correlations between steroid levels and height or menarcheal age suggest developmental conditions probably play a role, but this hypothesis requires further study. Dietary composition has been implicated in steroidal variation but has proven difficult to study because childhood diet may be much more important than adult eating patterns. Potential genetic contributions to variation in ovarian steroid levels deserve greater attention.
2. Little is known about populational variation in the gonadotrophins (lutenizing hormone and follicular stimulating hormone), the pituitary hormones that participate in the regulation of ovarian functioning. In both the !Kung San (van der Walt et al. 1978) and Bolivians (Vitzthum et al. 2007) , gonadotrophin levels are similar to those in comparative samples even though ovarian steroids are relatively lower. The levels of lutenizing hormone and follicular stimulating hormone suggest that the HPO axis is functioning normally in both these populations, but it is unknown if gonadotrophin levels are comparable across most populations despite substantial variability in ovarian steroid levels.
3.
It has yet to be demonstrated that temporal (within-woman) variability in the functioning of the HPO axis in women is, in fact, adaptive (i.e., increases inclusive fitness). Because of the difficulties of collecting the necessary data from humans, demonstrating the putative adaptiveness of such variability will require considerable ingenuity.
4. The HPO axis is an integrated component of a living organism. Much greater effort should be made to evaluate the dynamic cross-talk between the HPO and other regulatory axes and the intersection of these hormonal communications with environmental variation.
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Figure 1
Top: Salivary progesterone (P) profiles in conception and ovulatory nonconception cycles in women from Chicago and rural Bolivia (cycle days 1-28). Ovulatory cycles are aligned on the first day of the subsequent cycle (days numbered backward); conception cycles are aligned on the putative day of ovulation (day 0). P levels in ovulatory cycles are significantly lower in Bolivian women than in women from Chicago throughout the ovarian cycle; in each sample, conception and ovulatory cycles have comparable P levels. Bottom: P profiles in conception cycles through implantation. Boxplots display median, quartiles, and range of P indices corresponding to the range of days delimited by vertical dashed lines to the respective left and right of box plot. PreO, preovulatory; PeriO, periovulatory; PostO, postovulatory. P levels do not significantly differ in women from Bolivia and Chicago during the follicular phase but are significantly different during and subsequent to ovulation and through implantation (redrawn after Vitzthum et al. 2004) . Chicago Bolivia
Figure 2
Salivary progesterone (P) levels (daily geometric mean) before and after ovulation (day 0) in naturally occurring conception and nonconception cycles. Luteal-phase (days 0 to 7) P levels did not differ among the samples. Follicular-phase (days -14 to 0) P was significantly higher in conceptions lost early compared with those pregnancies sustained ≥5 weeks after conception 
